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NeurotechniqueTransgenically Encoded Protein
Photoinactivation (FlAsH-FALI):
Acute Inactivation of Synaptotagmin I
the consequence. Chromophore-assisted light inactiva-
tion (CALI) is a technique that allows acute, spatially and
temporally controlled protein inactivation. Most CALI
experiments are achieved by the laser excitation of mal-
achite green-conjugated antibodies that are targeted to
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a protein of interest (Buchstaller and Jay, 2000; Castelo
and Jay, 1999; Liu et al., 1999). More recently, it has
been found that fluorescein can be used as a CALI re-Summary
agent (this form of CALI is termed FALI) (Beck et al.,
2002; Surrey et al., 1998). It is estimated that the destruc-We demonstrate a noninvasive technique for protein
tive effects of FALI have a half-maximal inactivation dis-photoinactivation using a transgenically encoded tag.
tance of approximately 30–40 A˚, allowing specific pro-A tetracysteine motif that binds the membrane-perme-
tein inactivation (Beck et al., 2002; Surrey et al., 1998).able fluorescein derivative 4,5-bis(1,3,2-dithioarso-
CALI has been used effectively to assay protein functionlan-2-yl)fluorescein (FlAsH) was engineered into sy-
within subdomains of a single migrating growth conenaptotagmin I (Syt I4C). Neuronally expressed Syt I4C
(Buchstaller and Jay, 2000; Castelo and Jay, 1999; Liurescues the syt I null mutation, can be visualized after
et al., 1999). However, CALI and FALI have not beenFlAsH labeling, and is normally distributed at the Dro-
widely applicable because of the requirement for a non-sophila neuromuscular synapse. Illumination of FlAsH
function blocking antibody that must be injected into abound Syt I4C at 488 nm decreases evoked release in
cell of interest.seconds demonstrating efficient fluorophore-assisted
We demonstrate a transgenically encoded, highly effi-light inactivation (FlAsH-FALI) of Syt I. The inactivation
cient method for FALI that can be used to photoinacti-of Syt I is proportional to the duration of illumination
vate proteins in vivo using a standard epifluorescentand follows first-order kinetics. In addition, Syt I
microscope. We demonstrate that this technique is bothFlAsH-FALI is specific and does not impair Syt I-inde-
specific and highly efficient, allowing protein photoinac-pendent vesicle fusion. We demonstrate that Syt I is
tivation to be achieved in seconds with the spatial preci-required for a post-docking step during vesicle fusion
sion of light. These data significantly extend the utilitybut does not function to stabilize the docked vesicle
of protein photoinactivation to potentially any organismstate.
or cell line amenable to transgenic manipulation.
To assess this novel technique, we chose to photoin-Introduction
activate synaptotagmin I at the Drosophila NMJ. Synap-
totagmin I was chosen for several reasons. A consider-Assigning function to specific proteins is a major chal-
able amount is known regarding Syt I function basedlenge in cellular and molecular biology. The genetic dele-
on previous genetic studies in the fly, as well as wormtion (knockout) of a gene via mutagenesis or homolo-
and mouse. We are able, therefore, to directly comparegous recombination has been one of the most powerful
acute inactivation with phenotypes resulting from ge-tools for the assignment of protein function in vivo. How-
netic knockout. In addition, an electrophysiologicalever, there are many challenges to be met in the execu-
assay allows a fast and highly quantitative readout oftion and interpretation of such genetic analyses. If a
protein inactivation. We demonstrate that inactivationprotein is essential to the viability of an organism, then
of Syt I function occurs in seconds and we provide
protein function cannot be easily assessed in mature
evidence that inactivation specifically disrupts Syt I
tissues such as the nervous system. On the other ex-
without affecting Syntaxin, Dunc13, and n-Synapto-
treme, genetic knockouts often fail to produce any effect brevin function.
at all. This is often attributed to “redundancy” or devel- In addition to testing the effectiveness of FlAsH-FALI,
opmental compensation when a closely related protein acute disruption of Syt I allows us to extend our under-
is thought to take over the function of the deleted protein standing of the biology of Syt I at the Drosophila NMJ.
during development (Madhani and Fink, 1998; Plump et Our current understanding of Syt I function in vivo is
al., 2002). Although techniques such as the tetracycline- based primarily on genetic studies in worm, fly, and
inducible system and RNA interference allow greater mouse. Mutations in synaptotagmin I cause a decrease
genetic temporal control, these systems rely on the in transmitter release in all of these organisms (Geppert
gradual turnover of endogenous RNA and protein levels et al., 1994; Littleton et al., 1993; Nonet et al., 1993). The
that can take prolonged periods of time. Finally, pharma- evidence from mouse indicates that Syt I functions in a
cological approaches are often used to address acute post-docking step of vesicle fusion by acting as the
protein function, but most known proteins are not cur- major calcium sensor for transmitter release (Fernan-
rently accessible to specific pharmacological inhibition. dez-Chacon et al., 2001; Geppert et al., 1994). The phe-
To study the function of a protein in vivo, one would notypes of syt I mutations in fly and worm include
like to be able to acutely and noninvasively inactivate changes in the number, size, and location of synaptic
the protein of interest and be able to immediately assay vesicles and changes in the frequency of spontaneous
vesicle release (Jorgensen et al., 1995; Littleton et al.,
1994; Reist et al., 1998). These phenotypes, along with1Correspondence: gdavis@biochem.ucsf.edu
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the residual release observed in syt I mutations, have
led to the hypothesis that defects in a Syt I-dependent
pre-docking step of vesicle fusion and/or in endocytosis
may contribute to the decrease in transmitter release in
fly and worm (Adolfsen and Littleton, 2001; DiAntonio
et al., 1993; Jorgensen et al., 1995; Reist et al., 1998).
In addition, the observed increase in frequency of spon-
taneous release in Drosophila mutants and the decrease
in docked vesicles in C. elegans mutants have led to
the hypothesis that Syt I may act as a “fusion clamp”
(Jorgensen et al., 1995; Littleton et al., 1994). The ability
to acutely inactivate synaptotagmin I at the Drosophila
NMJ has allowed us to assess its role at the mature
synapse.
Results
FlAsH Labeling of Drosophila Syt I
Our FALI technology utilizes FlAsH-EDT2, a nonfluores-
cent, membrane-permeable compound that becomes
fluorescent when bound to a tetracysteine motif (Griffin
et al., 1998). Recombinant proteins epitope-tagged with
this tetracysteine motif can be fluorescently labeled by
extracellular administration of FlAsH-EDT2 (Gaietta et
al., 2002; Griffin et al., 1998). We attached a 17 amino
acid epitope containing the tetracysteine tag to the cyto-
plasmic tail of Drosophila synaptotagmin I and placed
the transgene under UAS control (UAS-syt I4C) (Experi-
mental Procedures). When expressed in neurons, this Figure 1. FlAsH Labeled Syt I Is Correctly Localized and Partici-
transgene rescues syt I null mutations to adult viability. pates in Normal Transmitter Release
In our experiments we did not observe any viable adults (A) Fluorescent images are shown for (left, Syt I4C Rescue, FlAsH)
in the syt I null (DiAntonio et al., 1993; Littleton et al., FlAsH labeled Syt I expressed neuronally in a syt I null animal
(elaVC155/; sytAD4, UAS-Syt I4C/sytD27) imaged live following a 45 min1993). When UAS-syt I4C expression is driven by either
labeling and 15 min rinse or following a 5 min labeling and 5 minof two independent neuronal GAL4 drivers, we could
rinse. At right is an image of a fixed wild-type synapse stained withrescue viability to nearly wild-type levels (98% wild-type
anti-synaptotagmin. (B) Neuronally expressed UAS-Syt I4C rescuesviability using D42-GAL4 and 94% wild-type viability the electrophysiological phenotype of syt I null animals. Quantal
using elaVC155-GAL4) (Experimental Procedures). content (B1), mEPSP amplitude (B2), and mEPSP frequency (B3)
To investigate the localization of the Syt I4C protein, were measured after incubating with the FlAsH ligand for 45 min
and rinsing in EDT for 15 min. (C) Sample EPSP and mEPSP tracesthird instar rescue larvae were filleted and incubated
from wild-type (C1) and rescue (C2) animals. Error bars are standardwith the FlAsH ligand for 45 min and then rinsed for 15
error of the mean. p values are as follows: (B1), p  0.012; (B2), p min (Experimental Procedures). Fluorescence micros-
0.009; (B3), p  0.053.copy demonstrates that FlAsH bound Syt I4C is local-
ized at the NMJ in a pattern that is similar to the Syt I
distribution at the wild-type synapse assessed by immu-
ures 1B and 1C) (Experimental Procedures). In thesenostaining (Figure 1A). For example, FlAsH bound Syt
animals, the rate and size of spontaneous release eventsI4C is appropriately restricted to individual boutons
is normal (Figures 1B2 and 1B3). These data were ac-within the NMJ and appears to label clouds of vesicles
quired in the presence of the FlAsH ligand bound to theat the bouton periphery. Subtle differences between the
Syt I protein and therefore demonstrate that epitope-FlAsH labeling and anti-Syt I labeling in Figure 1 can be
tagged Syt I when bound to the FlAsH ligand is able toattributed to the difference between live imaging used
participate in normal synaptic transmitter release.for Syt I4C compared to imaging the fixed and cleared
preparation using anti-synaptotagmin. Wild-type ani-
mals treated identically with the FlAsH ligand show no FlAsH-FALI of Syt I Impairs Transmitter Release
Fluorescein has been shown to be a robust FALI fluoro-fluorescence at the synapse or elsewhere (not shown).
Efficient labeling can be achieved in as little as five phore, being 50-fold more efficient than malachite green
and GFP (Surrey et al., 1998). The energy required forminutes of labeling followed by five minutes of rinsing,
although there is an accompanying increase in nonspe- protein inactivation with fluorescein is comparable to
that required for photobleaching (Surrey et al., 1998).cific background (Figure 1A). This demonstrates that the
FlAsH visualization technique can be used in transgenic The level of efficiency that is achieved when using fluo-
rescein allows FALI to be performed using a standardorganisms to study protein localization.
An analysis of synaptic function at the third instar NMJ mercury lamp and an epifluorescence microscope (Beck
et al., 2002; Surrey et al., 1998). We demonstrate thatof Syt I4C rescue animals demonstrates a significant
rescue of evoked release to nearly wild-type levels (Fig- FlAsH, a fluorescein derivative, is a potent FALI dye. We
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Figure 2. FlAsH-FALI of Syt I Specifically Impairs Neurotransmitter Release
(A) One minute of FALI significantly decreases EPSP amplitude, but has no effect on mEPSP size. Sample traces are shown for EPSPs (A1)
and mEPSPs (A2) recorded in 1.0 mM calcium in rescue animals prior to FALI (Pre-FALI) and 30 s after 1 min of FALI (Post-FALI). (B) FALI
specifically impairs transmitter release without disrupting mEPSP amplitude or input resistance. Data is normalized to pre-FALI values. Open
bars represent pre-FALI values; closed bars represent values after 1 min of FALI. EPSP amplitude data (B1) is shown for 0.5 mM calcium and
1.0 mM calcium as indicated on the x axis. mEPSP amplitude (B2) and input resistance (B3) are shown for 0.5 mM calcium. Error bars are
standard error of the mean. p  0.001 for EPSP amplitude changes observed in (B1). (C) Syt I inactivation following 10 min of illumination
does not alter Syt I distribution or degradation. (C1) An image of synaptic boutons stained with anti-Syt I after 45 min of labeling, 15 min of
rinse, and 10 min of FlAsH-FALI illumination. There is no change in the distribution or expression levels of anti-Syt I immunoreactivity. (C2)
Western analysis of Syt I protein in an untreated animal, in an animal incubated with FlAsH ligand without illumination, and incubated with
FlAsH and illuminated (whole animal) for 10 min. There is no evidence of Syt I degradation by Western.
observe rapid photobleaching and demonstrate protein significant FALI effects following illumination (Figures
2B and 3A1).inactivation with FlAsH with a t1/2 that is similar to that
found previously for fluorescein (see below; Surrey, et We also demonstrate a reduction of evoked release
in animals in which Syt I is overexpressed in neuronsal., 1998).
FALI experiments were performed at the third instar in an otherwise wild-type background. In this experi-
ment, the reduction in EPSP amplitude is nearly as greatNMJ in either syt I rescue larvae (syt I null mutation
overexpressing UAS-syt I4C in neurons using elavC155- as that observed in rescue animals. EPSP amplitudes
plateau at 10% of wild-type (a 90% reduction) in 0.5GAL4) or larvae overexpressing syt I in neurons in a
wild-type background (Experimental Procedures). Illu- mM calcium compared to rescue animals where EPSPs
are nearly abolished. These data indicate that a smallmination with a standard mercury lamp rapidly reduced
evoked transmission in the syt I rescue animals (Figures amount of wild-type Syt I remains functional at the syn-
apse in these animals. However, since the reduction in2A and 2B). This effect is due to a change in presynaptic
release since we do not observe a parallel change in EPSP amplitude closely approximates the data acquired
from rescue animals, these data indicate that this ap-quantal size or input resistance that can account for the
change in EPSP amplitude (Figures 2A2 and 2B). EPSP proach may be broadly applicable to any system in
which protein overexpression can be achieved, evenamplitudes were reduced to near zero amplitude in 1
min in 0.5 mM calcium (Figure 2B1). Raising extracellular when a rescue experiment is not possible. However, as
with experiments attempting overexpression of a domi-calcium to 1.0 mM, however, reveals a residual evoked
release (20% of pre-FALI amplitude; Figures 2B1 and nant-negative protein, the effectiveness of this ap-
proach will depend upon the protein being studied.3A1). Analysis of EPSP rise time, half-width, and onset
following the stimulus artifact demonstrates that resid- Western blot analysis demonstrates that we achieve a
4-fold overexpression of Syt I in these experiments. Weual evoked release is synchronous following Syt I FlAsH-
FALI (Figure 2A1 and data not shown). Wild-type animals have not titrated protein expression to determine the
impact of lower expression levels.incubated identically in the FlAsH ligand showed no
Neuron
808
Figure 3. Kinetics of FlAsH-FALI Mediated Syt I Inactivation
(A) FlAsH-FALI of Syt I rapidly impairs EPSP amplitude. Rescue animals in 0.5 mM calcium (open circles) show almost complete elimination
of evoked responses within 30 s. Increasing extracellular calcium to 1.0 mM calcium in the rescue animals (open squares) reveals a persistent
evoked release that plateaus at approximately 20% of pre-FALI levels. Identically treated wild-type animals (closed squares) show no significant
effect during constant FALI. Data are normalized to pre-FALI levels. A representative trace (A2) from a recording done on a rescue animal in
0.5 mM calcium is shown. Although small periodic evoked responses do occur, the majority of the vertical deflections in the latter portion of
the trace are mEPSPs or stimulus artifacts. Representative EPSPs are shown (A3). (B) The normalized EPSP values plotted in (A) during the
rapid period of decay have been re-plotted on a semi-log plot. These data are fit by a straight line demonstrating that the decay of EPSP
amplitudes follows first-order kinetics. (C) The decrease in EPSP amplitude is proportional to the duration of FALI. Illumination was performed
for 5 s (open squares) or 10 s (red circles) in overexpression animals. EPSP amplitudes remain stable following cessation of illumination.
Syt I inactivation by FlAsH-FALI does not appear to amplitude without failures being observed (Figure 3A).
be accompanied by degradation or redistribution of the The decay of EPSP amplitudes follows first-order kinet-
Syt I protein, consistent with previous CALI experiments ics suggesting a one-hit model for the observed impair-
using dye-conjugated antibodies and laser illumination ment of transmitter release (Figure 3B). This suggests
(Takei et al., 1999). The FlAsH fluorescence bleaches that FlAsH-FALI specifically inactivates Syt I.
with a rapid timecourse and to near completion in less We next demonstrate that the decrease in EPSP am-
than 3 min. After FALI illumination for up to 10 min, we plitude is proportional to the length of illumination (Fig-
fixed and stained the synapse using Syt I antibodies. ure 3C). Syt I FALI was performed using 5 s or 10 s of
Syt I immunoreactivity is still present at the NMJ at wild- illumination. There is a 51% reduction in EPSP amplitude
type levels (Figure 2C1). We have also performed FALI after 5 s while illumination for 10 s produced a signifi-
on whole animal fillets (lacking CNS) using 10 min of cantly greater 66% reduction in EPSP amplitude (p 
illumination. Following this protocol, we do not see any 0.001; Figure 3C). In each experiment, the EPSP ampli-
evidence of protein degradation by Western (Figure 2C2). tudes remain at constant amplitude immediately follow-
ing the cessation of illumination, and EPSP amplitudes
are stable for an additional 10 min. These data argueFlAsH-FALI of Syt I Is Specific
that the attenuation of EPSP amplitude is directly relatedWe have explored the specificity of Syt I inactivation
to FlAsH-FALI protein inactivation.using our FlAsH-FALI technique. We first examined the
As a further test of FALI specificity, we comparedkinetics of the change in EPSP amplitude during con-
calcium cooperativity prior to and following Syt I FlAsH-stant illumination (Figures 3A and 3B). In 0.5 mM extra-
FALI. We observe that cooperativity is decreased follow-cellular calcium, we observe a rapid decrease in EPSP
ing Syt I FlAsH-FALI, consistent with previous geneticamplitude that nearly abolishes transmitter release in
data (Figure 4A) (Littleton et al., 1994). Furthermore, the30 s with a large number of failures observed (Figure
change in cooperativity is dependent on the length of3A). In 1.0 mM calcium, we observe a similar decay
rate, but EPSP amplitudes plateau at 20% pre-FALI illumination (Figure 4A). While these data argue for the
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Figure 4. The Specificity of Syt I Inactivation
(A) Calcium cooperativity is significantly impaired by FlAsH-FALI of Syt I. Calcium cooperativity was measured pre-FALI (closed squares, n 
3.4), or after 5 s (closed circles, n  3.7), 10 s (open squares, n  0.9), or 20 s (open circles, n  1.0) of FALI in overexpression animals.
Trendlines were fit and used to determine the slope (n) of the cooperativity curve. (B) Hypertonic release is normal after FlAsH-FALI of Syt I.
Hypertonic release was evoked in identically treated preparations of rescue larvae with (open circles) or without (closed squares) FALI for 30
s. Release was induced by three second administration of hypertonic saline. mEPSP events were counted every second and plotted. A
representative experiment is shown. Sucrose period is indicated by the horizontal bar. (C) Quantification of hypertonic release with and without
FALI as indicated. The number of mEPSP events that occurred during 15 s following sucrose administration was counted and then averaged
across animals.
specificity of FlAsH-FALI, it has also been reported that we predict that the decrease in evoked release will occur
abruptly and completely when FALI is performed in themutations in syntaxin and n-synaptobrevin can cause a
decrease in the cooperativity of release when eliminated absence of stimulation. However, if Syt I is not involved
in the fusion of docked vesicles, we should observe agenetically (Stewart et al., 2000). Therefore, we have also
examined hypertonic release prior to and immediately gradual decrease in EPSP amplitude as the pool of
docked vesicles is depleted following FALI and the re-following FALI. Hypertonic release has been demon-
strated to require Syntaxin, n-Synaptobrevin, and Dunc- sumption of stimulation. In this experiment, illumination
was given for 1 min in the absence of stimulation. We13 but does not require Syt I (Aravamudan et al., 1999;
Geppert et al., 1994). We demonstrate that hypertonic observe that the first EPSP following the cessation of
illumination is dramatically reduced in amplitude (Figurerelease is not altered by Syt I FlAsH-FALI (Figures 4B
and 4C) (Experimental Procedures). Finally, Syntaxin is 5). In addition, there is no further change in EPSP ampli-
tude with continued stimulation (Figure 5). The observa-necessary for spontaneous vesicle fusion (Broadie et
al., 1995; Schulze et al., 1995). We do not observe a tion that EPSP amplitudes are completely and immedi-
ately reduced following FlAsH-FALI of Syt I in thedecrease in the rate of spontaneous vesicle fusion fol-
lowing Syt I FlAsH-FALI (see below), indicating that we absence of stimulation demonstrates that Syt I is neces-
sary for the fusion of docked vesicles.have not appreciably disrupted Syntaxin function. Taken
together, these data support the conclusion that Syt I
FlAsH-FALI specifically inactivates Syt I without affect- Syt I Does Not Act as a Fusion Clamp
Finally, we have explored the “fusion clamp” hypothesising other proteins necessary for vesicle fusion.
using Syt I FlAsH-FALI. In Drosophila, syt I mutant syn-
apses show an increased rate of spontaneous vesicleSyt I Functions in a Post-Docking Role
to Mediate Vesicle Fusion fusion (Broadie et al., 1994; Littleton et al., 1994). These
data have lead to the proposal that Syt I functions toAcute disruption of Syt I by FlAsH-FALI provides an
opportunity to probe specific functions of Syt I during stabilize the docked vesicle state (fusion clamp). How-
ever, it remains unclear whether the change in spontane-transmitter release. It is clear that transmitter release is
reduced in syt I mutations in all organisms (Geppert et ous fusion is a direct consequence of lacking Syt I or
a developmental artifact. If the fusion clamp model isal., 1994; Littleton et al., 1993; Nonet et al., 1993). However,
additional phenotypes in Drosophila and C. elegans correct, the acute inactivation of Syt I should cause a
rapid and sustained increase in spontaneous vesiclehave generated debate as to the mechanism of decreased
transmitter release in these organisms (Adolfsen and fusion. We assayed the rate of spontaneous release
during 10 min of continuous illumination and comparedLittleton, 2001; Jorgensen et al., 1995; Littleton et al.,
2001). For example, it is not known whether impaired these data to identically treated control animals. We
observe a transient20% increase in the rate of sponta-vesicle release in Drosophila syt I mutations is due to
a function of Syt I in vesicle docking (Reist et al., 1998) neous release compared to the pre-FALI rate (Figure
6A). After 3 min, there is no significant difference be-or post-docking vesicle fusion (Littleton et al., 1993,
2001). Other models include a failure of the release ma- tween wild-type and experimental animals comparing
mEPSP frequency (Figure 6A). In addition, over thechinery to localize near calcium channels (Sheng et al.,
1997) and failure of vesicles to recycle (Jorgensen et course of the 10 min illumination, there is no significant
difference between wild-type and experimental animalsal., 1995). FlAsH-FALI of Syt I allows us to distinguish
among these models by acutely disrupting Syt I function. measuring mEPSP amplitude and muscle input resis-
tance (Figures 6B and 6C). These data contrast previousIf Syt I is required for the fusion of docked vesicles,
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Figure 5. FlAsH-FALI of Syt I Blocks Exocytosis of Docked Vesicles
(A) FlAsH-FALI was performed in the absence of stimulation on rescue animals in 1.0 mM calcium. Upon resumption of evoked stimulation,
EPSPs showed an abrupt decrease in amplitude that did not change during continued stimulation. Data is normalized to pre-FALI levels. (B)
A representative trace is shown. (C) Representative EPSPs are shown from the time points indicated in (B). Illumination period is indicated
by the horizontal bar in (A) and (B).
genetic data that demonstrate a 200% to 500% increase background is nearly as effective as inactivation in a
rescue experiment, it raises the possibility that this tech-in the rate of spontaneous vesicle fusion in the absence
of syt I in Drosophila (Broadie et al., 1994; Littleton et nique may be generalizable to systems where proteins
can be overexpressed, even if they are not amenableal., 1994).
to rescue experiments.
Discussion
In Vivo FlAsH Labeling of Syt I
Previously, FlAsH labeling techniques have been con-Here we advance the power of FlAsH technology to
include its use in fluorophore-assisted light inactivation. fined to cells in culture (Adams et al., 2002; Gaietta et
al., 2002; Griffin et al., 1998). Here we demonstrate theThis advancement greatly increases the utility of CALI/
FALI by making the technique genetically encodable utility of the FlAsH protein labeling technique to visualize
recombinant Syt I in vivo in Drosophila. This advancesand noninvasive. Our method of FlAsH-FALI makes it
possible to study protein function by acute and selective the FlAsH labeling technique by demonstrating its suit-
ability for in vivo protein labeling in any genetically trac-inactivation in vivo, providing both temporal and spatial
control. FlAsH-FALI should be applicable to a wide vari- table organism. Recently, the FlAsH labeling technology
has been extended to include additional fluorescent li-ety of proteins. This technique will not only complement
more traditional genetic methods of protein disruption, gands that emit in different spectra (Adams et al., 2002).
These new ligands bind to the same recombinant tetra-but will enable experiments to assay protein function at
times and places not accessible using current genetic cysteine epitope making pulse-chase labeling experi-
ments possible. In addition, one of the ligands, ReAsH,technology, including the assay of protein function in
discrete microdomains of an intact cell within a complex is capable of photoconverting DAB for high-resolution
electron microscopy (Adams et al., 2002; Gaietta et al.,organism. Furthermore, since we demonstrate that
FlAsH-FALI of an overexpressed protein in a wild-type 2002; Griffin et al., 1998). Applying these techniques in
Figure 6. FlAsH-FALI of Syt I Causes a Small and Transient Increase in mEPSP Frequency
(A) mEPSP frequency was determined every minute during constant FALI for rescue animals (open circles) or wild-type animals (closed
squares) in 0.5 mM calcium. Data were normalized to pre-FALI levels (P). The first three data points after beginning FALI are significantly
different (p  0.01) while all subsequent time points are not statistically different. mEPSP amplitude (B) and input resistance (C) are not
significantly different between rescue and wild-type animals for the duration of FALI. Illumination period is indicated by the horizontal bar.
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vivo will allow for extremely powerful protein localization However, a number of additional factors must be con-
and trafficking studies. Since we have demonstrated the sidered. Each Syt I protein is only bound by a single
feasibility of using the FlAsH labeling system in complex FlAsH molecule. If the excitation and destruction of a
organisms, both of these techniques should now also be FlAsH molecule does not inactivate the protein to which
applicable to Drosophila and other genetic organisms. it is bound, then that protein will permanently escape
In this study, we have demonstrated the applicability inactivation. When a monoclonal antibody is used for
of this technique to a live, dissected, physiological prep- FALI, only 63% inactivation is observed (Beck et al.,
aration. Preliminary experiments indicate that the syn- 2002). However, because FlAsH binds directly to the
apse can be labeled by injection of the ligand into undis- target protein without an intervening antibody, we sus-
sected third instar larvae; we have observed labeling as pect that the inactivation efficiency using FlAsH is
long as 12 hr after injection. However, there are a number greater. Adding additional tetracysteine tags to the tar-
of hurdles that must be overcome for application of get protein could also help increase this level of effi-
this technique to whole animal developmental studies. ciency since FALI using polyclonal antibodies has been
Clearing of the ligand to reduce nonspecific background shown to have an inactivation efficiency greater than
is not efficient in the undissected animal. In addition, 90% (Beck et al., 2002). It is also possible that not all
future experiments will be required to assess the feasi- functional domains of a protein are accessible to the
bility of administering the ligand by feeding or soaking destructive effects of FALI (Wang et al., 1996). Finally,
to circumvent damage caused by injection. because the effects of CALI are highly localized, recov-
ery of protein function may be achieved by the diffusion
Comparing FlAsH with Other CALI/FALI Reagents of active proteins from non-irradiated regions (limited
FlAsH is a fluorescein derivative and, recently, fluores- by the rate of protein mobilization) or by de novo protein
cein has been demonstrated to be a highly efficient synthesis (Buchstaller and Jay, 2000). However, even
fluorophore for FALI. Fluorescein is fifty times more effi- with these considerations, it is clear that FlAsH-FALI is
cient than malachite green or GFP in mediating protein a powerful technique for protein inactivation and is a
inactivation (Surrey et al., 1998). It is believed that the significant addition to the arsenal of tools available to
destructive effects of FALI are mediated by the genera- assay protein function.
tion of singlet oxygen species (Beck et al., 2002). EGFP
has also been used as a transgenically encoded CALI Acute Disruption of Syt I In Vivo
reagent (Rajfur et al., 2002). However the effectiveness Several conclusions can be drawn from our experiments
of EGFP is likely far less than FlAsH and requires laser with respect to the in vivo function of Syt I. Our data
illumination that may not be applicable to many systems support a model based on previous genetic data that Syt
without causing nonspecific damage. In addition, quan- I is required for normal calcium-dependant transmitter
titative experiments using GFP as a CALI reagent have release (Fernandez-Chacon et al., 2001; Geppert et al.,
demonstrated that it is only capable of 40% protein 1994; Littleton et al., 1993). Our data also demonstrate
inactivation (Surrey et al., 1998). Another advantage to that Syt I participates in a post-docking step of vesicle
the use of FlAsH technology over GFP is that it requires fusion at the Drosophila NMJ. This indicates that the
the addition of as few as six amino acids to the protein
decreased transmitter release observed in Drosophila
of interest, greatly minimizing the chance of disrupting
Syt I mutants is likely a result of a defect in this aspect of
the function of the targeted protein. Finally, using FlAsH
Syt I function rather than a secondary effect of defectivetechnology also allows for other types of experiments,
docking or endocytosis as previously proposed (Jorgen-such as pulse-chase labeling of proteins as outlined
sen et al., 1995; Reist et al., 1998). While the deficit inabove.
transmitter release is due to a post-docking defect,It is also important to address the efficiency with
these data do not rule out an additional role of Syt Iwhich FlAsH-FALI inactivates protein function. Several
during vesicle endocytosis.lines of evidence indicate that we have achieved a high
It has been reported that a change in calcium coopera-level of Syt I inactivation using FlAsH-FALI. In FALI ex-
tivity is associated with mutations in Syt I in Drosophilaperiments on the syt I null rescue animals in 1 mM cal-
(Littleton et al., 1994). Most recently, it has been demon-cium, we observe that EPSP amplitudes drop to a
strated that disruption of the C2B domain reduces theplateau following 1 min of illumination (Figure 3A1). Im-
calcium dependency of release (Littleton et al., 1993),portantly, continued illumination for up to 10 min does
while disruption of the C2A domain does not (Robinsonnot cause any further reduction in EPSP amplitude (Fig-
et al., 2002). Here we demonstrate that acute disruptionure 3A and data not shown). FlAsH binds the tetracys-
of Syt I causes a reduction in the calcium dependenceteine motif with a dissociation constant of 1011 M
of release (Figure 4). Taking into account these recent(Gaietta et al., 2002). In this experiment, every Syt I
genetic studies at the third instar synapse, one possiblemolecule has a tetracysteine motif (null rescue) and,
explanation of our data is that we are only disruptingtherefore, we suspect that a 45 min incubation in the
the activity of the C2B domain, which is adjacent to ourFlAsH ligand is able to access nearly every Syt I mole-
FlAsH epitope. CALI experiments on Myosin V indicatecule at the synapse. Since the EPSP amplitude reduction
that CALI can inactivate a single protein domain (Wangrapidly plateaus, it suggests that we have inactivated a
et al., 1996).large percentage of the Syt I molecules. In further sup-
Several groups have reported an increase in mEPSPport of this conclusion, the amount of residual release
frequency in syt I mutants in Drosophila, leading to thethat we observe is nearly as great as that observed in
hypothesis that Syt I functions as a fusion clamp, pre-the syt I null mutation (Broadie et al., 1994; Littleton et
al., 1994; Robinson et al., 2002). venting vesicle fusion until calcium enters the nerve ter-
Neuron
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of syt I and balanced with a CyO chromosome expressing GFP underminal. Our data do not support the fusion clamp model.
the control of the Kruppel promoter (CyO-GFP). Rescue experimentsRather, our results are consistent with data from the
were performed by crossing sytAD4, UAS-syt4C/CyO-GFP to elavC155-mouse knockout that do not show a change in mEPSP
GAL4; sytD27/CyO-GFP and selecting against GFP expression.
frequency (Geppert et al., 1994). We believe that the
increase in mEPSP frequency observed in Drosophila
FlAsH Labeling and Microscopysyt I mutants is the result of developmental artifacts
Third instar larvae were dissected in HL3 saline supplemented with
either as a direct result of the loss of Syt I or as an 0.5 mM Ca2 and 1 mM sodium pyruvate. Larval filets were incubated
indirect result of decreased evoked transmitter release. for 45 min in HL3 saline, 0.5 mM Ca2, 1 mM sodium pyruvate, 1
For example, decreased postsynaptic excitation has M FlAsH-EDT2 (Aurora), 15 M EDT. Preparations were then rinsed
for 15 min in HL3 saline, 0.5 mM Ca2, 1 mM sodium pyruvate,been shown to lead to an increase in the rate of sponta-
250 M EDT to remove unbound and nonspecifically bound FlAsH.neous vesicle fusion (Paradis et al., 2001). However, we
Finally, preparations were returned to HL3 saline supplemented withcannot rule out the possibility that we have failed to
0.5 mM Ca2 and 1 mM sodium pyruvate and imaged on an Axioskop
inactivate a domain of Syt I that acts as a fusion clamp. 2 (Zeiss) microscope equipped with a FITC filter set. Three-dimen-
If this is the case, the fusion clamp activity of Syt I must sional images were acquired and deconvolved using Slidebook (In-
be independent of the functional domains necessary for telligent Imaging Innovations) and a cooled CCD camera (Roper).
Antibody staining using anti-Syt I (1:1000) was achieved as de-calcium-dependent evoked vesicle release.
scribed previously (Paradis et al., 2001). Antibody was provided
by Troy Littleton. FlAsH labeling in the live third instar larvae was
Future Applications of FlAsH-FALI achieved by injecting small amounts of FlAsH ligand using a sharp
glass micropipette and picospritzer. Ligand was directly dispersedThe ability to photoinactivate synaptic transmission us-
onto muscle under visual control using a compound microscopeing FlAsH-FALI has the potential to greatly refine the
and bright-field illumination.ability to dissect synaptic circuitry in the central nervous
system of Drosophila and other organisms. Currently,
Western Analysistransgenic techniques allow the silencing of nerve activ-
Adult heads from ten animals were homoginized in 50 l sampleity cell wide, or the disruption of synaptic transmission
buffer. Homogenate was run on SDS-PAGE gel according to stan-at every synapse of a given cell (Baines et al., 2001;
dard protocol. Immunolabeling was achieved using rabbit anti-Syt
White et al., 2001). For example, these techniques have I (1:1000) followed by donkey anti-rabbit secondary antibody
been used to define populations of neurons involved in (1:10,000). Quantification was achieved using NIH Image.
learning and memory in the Drosophila brain (McGuire
et al., 2001). FlAsH-FALI with Syt I4C allows the inactiva-
Electrophysiology
tion of individual synapses, limited by the resolution of All electrophysiology experiments were performed on muscle 6 in
light in the tissue being studied. This will be particularly abdominal segments A2 and A3 in HL3 saline, supplemented with
important given that central neurons often have complex 1 mM sodium pyruvate (calcium concentrations as stated) (Paradis
et al., 2001). Recordings were performed with an Axopatch 200Bprojections to diverse brain regions in Drosophila (Marin
amplifier (Axon Instruments) and pClamp software (Axon Labora-et al., 2002). In principle, similar experiments can be
tories). Analysis was performed with Mini Analysis Program (Synap-pursued in vertebrate systems.
tosoft). Overexpression studies were performed by crossing homo-
While genetic knockout experiments are the gold zygous UAS-syt I4C males to elavC155-GAL4 females. Rescue
standard by which protein function can be assessed, experiments were performed by crossing SytAD4, UAS-syt I4C/CyO-
many genes have essential early functions that preclude GFP to elavC155-GAL4; SytD27/CyO-GFP and selecting against GFP
expression.a straightforward analysis of later developmental phe-
Hypertonic release was induced by puffing HL3 saline plus 420nomena. For example, assaying the function of an es-
mM sucrose directly onto the synapse for 3 s using a patch pipette.sential cytoskeletal regulatory protein within a growth
Recording electrodes were placed as far from the synapse as possi-
cone or dendrite can be complicated when a gene ble. FALI was performed for 30 s prior to sucrose administration.
knockout prevents the formation of these structures. In
the past, the isolation of temperature-sensitive muta-
FlAsH-FALItions has been necessary for this type of analysis, but
FlAsH-FALI was performed by treating third instar larvae in an identi-
these types of mutations are rare and do not allow the cal manner as for fluorescent imaging. FALI experiments were per-
spatial resolution provided by FlAsH-FALI. We have formed on an Axioskop 2 (Zeiss) microscope equipped for electro-
physiology and epifluorescent imaging. Illumination was provideddemonstrated the applicability of FlAsH-FALI to electro-
by a standard 100W mercury bulb.physiological studies of synaptic function. We envision
that this technique will be applicable to a wide range
of cell biological processes ranging from the study of Acknowledgments
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